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(57) Abstract: A wavelength locker (100) for use with a tuneable laser (60) capable of selectively producing light of fixed wave- 
lengths, said fixed wavelengths having a substantially fixed wavelength spacing; the locker for locking the wavelength of the light to 
one of said fixed wavelengths and comprises: an interferometer arrangement comprising splitting means (90) for splitting the laser 
light to pass along two optical waveguides (92, 94) and combining means (95) for combining light from the waveguides to fonn at 
least one optical output (93, 98); wherein the optical waveguides are configured to have a difference in optical path length such that 
the magnitude of the at least one optical output varies cyclically with wavelength and has a waveguide period which is substantially 
an integer multiple of said fixed wavelength spacing; and control means (97) for controlling the laser in response to the magnitude 
of said optical output to lock the laser to one of said selected fixed wavelengths. 
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WAVELENGTH LOCKER 



This invention relates to a wavelmgth locker for use with a tuneable laser for locking its 
light output to a selected wavelength. More especially, although not exclusively, the 
invention concerns a wavelength locker for use within a wavelength division multiplex 
(WDM) optical communication system for locking the laser to a selected WDM 
5 wavelength channel. 

In an optical fibre communications system, which utilises light of a single wavelength, 
the specific wavelength of the laser source is not critical provided it falls within the low 
insertion/dispersion characteristics of the optical fibre and the response bandwidth of 
10 the receiver. Provided the response of the receiver is broad enough it will still be able to 
detect the modulated optical signal even if the source laser wavelength should drift or 
vary for any reason. 

The causes of laser wavelength variation are dependent upon opiating temperature, the 
15 physical constraction of the laser, and the ageing characteristics of the materials used to 
fabricate the laser. For example a. distributed feedback (DFB) laser will shift around 
Oflnm per °t temperature change i.e. of the order of lOGHz per in the 155Qmn 
conmiunications band. For this reason laser sources are often provided with 
sophisticated temperature controllers. 



To increase the information carrying capability of optical fibre communications systems 
wavelength division multiplex (WDM) systems are being developed in which a number 
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of different wavelengths often termed wavelength channels, are carried over a single 
optical fibre. In WDM systems drift of the wavelength channels limits the number and 
spacing of the channels and hence the data carrying capacity of the system. 

5 As is known there are two principal communications wavelength bands ISOOnm, and 
ISSOnm. The latter band is receiving tiiie greater commercial exploitation because of its 
suitability for a variety of different generic communications applications. Currently 
ISSOnm WDM communications systems are rapidly evolving into architectures 
comprising 80, 2.5Gb/s modulated wavelength channels on a single fibre. The same 

10 ISSOnm band is also being proposed for 40, lOGb/s channels thereby doubling the fibre 
information capacity. 

The ISSOmn optical fibre conununication band is located in the Infi'a Red spectmm with 
rrU (Intemational Teleconamunication Union) 200, 100 or 50GHz chaimel spacing (the 
15 so-called ITU grid) spread between 191THz and 197THz. The operating life ITU 
channel wavelength stability specification for telecommunication systems is typically 
set at 10pm. This corresponds to 1.25GHz variation (in the ISSOnm band) over the 
system operating life. 

20 To provide 40 or 80 individual wavelength circuits within the ISSOima band requires a 
light source that can be accurately set to specific wavelengths and maintained at these 
wavelengths, within specified limits, over the equipment operating life. Such Ught 
sources historically con:q)rise a plurality of distributed Bragg reflector (DBR) lasers 
each of vMch is operated to produce ligjlit of one of the wavelength channels and optical 
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switching means for selecting a required wavelength channel. Whilst such an 
arrangement is effective it is impracticable for more than ten or so wavelength channels. 

To overcome this problem wide tuning range lasers are being developed such as the 
5 sample grating distributed Bragg reflector (SGDBR) laser as described in A M 
Gulisano, D J Robbins, P J Williams, and P Veihoeve (1997) **Widely Tuneable 
Sampled Grating DBR Lasers to address 100 channels over 40nm for WDM 
applications", Proc. Euro. Conf. on Int. Optics. The tuning mechanism of the SGDBR 
laser is by differential current steering of the operating wavelength by means of the 
10 currents injected into the front and rear sample grating Bragg reflector sections, with 
fine tuning (trimming) being possible by means of current control in the phase section. 

As discussed, if uncorrected, a solid state laser's wavelength will vary and this calls for 
a mechanism to stabilise and lock the wavelength of operation to a selected wavelength 
15 - so called wavelength locking. Whilst many solid-state lasers are provided with 
temperature stabilisation this is not sufficient to hold the wavelength of operation to the 
required accuracy for WDM and the future high density WDM or ultra high density 
WDM- systems. 

20 One known method of wavelength locking utilises a Fabry-Perot filter (etalon) to 
accurately measure the wavelength and to fine-tune the laser in a feedback arrangement. 
An example of such an arrangement is given in US 5,825,792 which utilises a Fabry- 
Perot filter having a cavity defined by planes which are angled to each other to provide 
the wavelength discrimination fimction. Although such wavelengOi lockers are effective 
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the physical construction of the etalon, two nurrors which are accurately spaced apart, is 
incompatible with integrating the filter with the solid state laser. The present invention 
has arisen in an endeavour to provide a wavelength locker that, at least in part, alleviates 
the limitations of the known arrangements. 

According to the present invention a wavelength locker for use with a tuneable laser 
capable of selectively producing light of fixed wavelengths, said fixed wavelengths 
having a substantially fixed wavelength spacing; the locker for locking the wavelength 
of the light to one of said fixed wavelengths and comprises: an interferometer 
arrangement comprising sphtting means for splitting the laser light to pass along two 
optical waveguides and combining means for combining ligjht firom the waveguides to 
form at least one optical ou^ut; wherein the optical waveguides are configured to have 
a difference in optical path length such that the magnitude of the at least one optical 
output varies cyclically with wavelength and has a waveguide period which is 
substantially an integer multiple of said fixed wavelength spacing; and control means 
for controlling the laser in response to the magnitude of said optical output to lock the 
laser to one of said selected fixed wavelengths. 

Preferably the locker fiirther comprises means for changing the refiractive index of one 
waveguide relative to the other to change the optical path lengfli difiFerence to set the 
optical path difference to be the integer multiple of the wavelength spacing. 



Alternatively the means for changing the refiractive index is operable to set the optical 
path difference such that the laser locks to a wavelength which is ofifset by a selected 
amount firom one of said wavelengths. 
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Advantageously the wavelength locker further comprises temperature sensing means for 
measuring the temperature of the waveguides and wherein the means for changing the 
refractive index operates in dependence on the measured temperature to maintain the 
5 optical path length difference constant. 

In a preferred implementation the optical waveguides comprise an electro-optic 
material, preferably a group m-V semiconductor material such as gaUium arsenide and 
the means for changing the refractive index comprises one or more electrodes associated 
10 with the, or each, waveguide. Preferably the waveguides are formed by a multi-layered 
structure and defined by a rib loaded structure and &e one or more electrodes are 
provided on the rib structure. 

The magnitude of the at least one optical output is sensed using an optical to electrical 
15 converter, such as for example a photodiode which can be a discrete device or 
monoUthically integrated as part of the interferometer. In a preferred implementation 
the optical to electrical converter senses the magnitude of the at least one optical output 
by measuring a photocuxrent generated by two photon absorption. 

20 Preferably the wavelengfli locker further conq>rises a second interferometer 
arrangement whose optical path length difference is selected such that the magnitude of 
its optical output varies cyclically with wavelength and wfa^in the period is 
substantially twice the wavelength range and wherein the magnitude is used to provide 
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an indication of the wavelength. Such an arrangement not only ensures that the laser is 
locked to one of the fixed wavelengths but also gives a indication of the wavelengdi. 

Advantageously the splitting and/or combining means comprises a directional coupler 
5 or multimode interference device. 

Preferably the, or each, interferometer arrangement comprises an unbalanced Mach- 
Zehnder. Most preferably the, or each, interferometer is fabricated in a group m-V 
semiconductor material most preferably gallium arsenide. 



Advantageously the combining means produces complementary optical outputs and the 
control means controls the laser in response to the magnitude of said optical outputs, hi 
one arrangement the control means are configured such that when the magnitude of die 
optical outputs are respectively a maximum and minimum this indicates that the 
15 wavelength is locked to one of said fixed wavelengths. Alternatively it can be 
configured such that when the magnitude of the optical outputs are complimentary, for 
example both substantially zero, this indicates that the wavelength is locked to one of 
said fixed wavelengttis. Any alternative output conditions can be used to determine 
wavelength lock. 



Due to the wavelength locker of the present invention being based on an interferometer 
arrangement it readily lends itself to being monolitfaically integrated with the laser. 
Preferably the wavelength locker fiirther comprises monolithically integrating an optical 
modulator for modulating the laser Ugjht. The modulator can be located at the laser 
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output or at the output of the interferometCT arrang^ent. The wavelength locker of the 
present invention can also be fabricated as part of a micro-optical assembly. 

Preferably the fixed wavelengths are wavelength division multiplex channels. 
5 Advantageously the wavelength locker is further operable to detect incipient wavelength 
mode jumps of the laser and further configured upon detecting a mode jump to tune and 
lock the laser to an alternative wavelength. 

In order that the invention is better understood a wavelengdi locker in accordance with 
10 the invention will now be described by way of example only with reference to the 
accompanying drawings in which: 

Figure 1 a schematic representation of unbalanced Mach-Zehnder interferometer; 
15 Figure 2 a plot of optical output versus relative phase shift for the interferometer 



of Figure 1; 



Figures 



a schematic representation of a tuneable unbalanced Mach-Zehnder 



iifterferometer as used as a wavelength locker of the present invention; 



20 



Figure 4 



a plot of optical output versus wavelength for the interferometer of 



Figure 3; 
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Figure 5 a further plot of output versus wavelength for the interferometer of 

Figure 3; 

. Figure 6 a schematic representation of wavelength locker in accordance with the 
invention; 

5 

Figure 7 an interferometer as used in the wavelength locker of Figure 6; 

Figure 8 is a calibration arrangement for the wavelength locker of Figure 6; 

10 Figure 9 a laser transmitter incorporating a wavelength locker in accordance with 
the invention; 

Figure 10 a schematic representation of a further wavelength locker in accordance 
with the invention, which additionally incorporates means for measuring the 
15 wavelength; 

Figure 11 a plot of optical output (intensity) versus wavelength for the wavelength 
locker of Figure 10; 



20 Figure 12 a dense wavelength division multiplex optical communication system 
incorporating wavelength lockers in accordance with the invention; and 
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Figure 13. 



5 The wavelength locker of the present invention makes use of an unbalanced optical 
interferometer as a wavelength discriminator. Figure 1 is a schematic repres^tation of 
an unbalanced Mach-Zehnder optical interferometer. As is known a Mach-Zehnder 
interferometer comprises splitting means 10 for dividing input light 5 equally betweai 
two optical waveguide paths 15, 20 and combining means 30 for combining light from 

10 the waveguides to fomi two optical waveguide outputs 35, 40. Typically the splitting 
and combining means comprise directional couplers which operate by optical coupling 
between the waveguides when they located in close proximity to each other. The length 
of the waveguide sections over which coupling takes place is selected such that equal 
light power division between the two waveguides occur. 

15 

For an unbalanced interferometer ttxe optical path lengths of the two waveguides 15, 20 
are imequal such that a relative phase shift (89) 25 is introduced to light travelling along 
the waveguides. Typically the relative phase shift is introduced , by making the 
Waveguide 1^, 20 of different lengths. The distribution of light between the two ou^ut 
20 optical waveguides 35, 40 is a sinusoidal function of the relative phase 89 introduced 
between the two optical waveguides 15, 20. The division of output light between 
waveguides 35, 40 is a cosine-squared ftmction of the relative phase difference 89. If 
optical to electrical converts (detectors) 50, 55 are placed to monitor the respective 
light outputs from waveguides 35, 40 then their outputs would have the form shown in 
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a tuneable laser transmitter incorporating a wavelength locker in 
accordance with the invention which can lock to network WDM 
wavelength channels. 
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Figure 2. when plotted as a function of the relative phase shift Sep. The distribution of 
the Ught between the waveguide outputs is a sinusoidal fimction of the relative phase 
introduced between the two optical waveguides. 

5 As is known group HI - V semiconductor materials such as gaUium arsenide are electro- 
optic in nature, that is its relative refractive index is dependent upon an applied 
electrical jfield. Thus in an interferometer of the type described the optical path length 
difference can be electrically tuned by changing the refractive index of one arm relative 
to that of the other. The amount of tuning is, however, in practical appUcations limited 

10 to a refractive index change of a fraction of 1%. A more usefiil wavelength sensitivity 
results when the two interferometer arms are made to differ in physical length by an 
amount 5L which can readily be many wavelengths. 

Figure 3. schematically shows an optical interferometer constructed in a group HI - V 
15 material such as gallium arsenide, being of the type described, in which the waveguide 
15 is of length L+5L and the waveguide 20 of length L. Fine tuning of the optical path 
length difference (n5L) is achieved by application of a voltage to electrode 16 which 
acts upon the longer waveguide 15. The outputs A, B as detected by detectors 50, 55 
respectively are substantially a sinusoidal ftmction of optical wavelength with a null at 
20 A corresponding to a peak at B and vice-versa. The wavelength change to move fiom 
null to peak, 5^ is given by: - 



5X= X^/(2.n.8L) 



(1) 
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where n is the waveguide effective refiractive index of the waveguiding medium and X is 
the mean wavelength of concern. The phase imbalance 89 is given by: - 

89 = (2n.5L.(n+6n))/^ (2) 
5 where 5n is the change in refractive index. 

Thus it will be appreciated that the appUcation of voltage to the electrode 16 allows the 
sinusoidal response to be translated along the wavelength scale as illustrated in Figure 4. 
Since the outputs A, B are complementary this enables the tuneable interferometer to be 
10 used to discriminate between wavelengths at its output as shown in Figure 4. 

In accordance with the present invention the interferometer of Figure 3 is configured to 
have a response as shown in Figure 5 in which the wavelength period, AX = = 
I (n.5L), between successive features, most typically this will be between successive 
15 peaks or troughs, is selected to correspond to substantially the wavelength spacing 
between the fixed wavelengths it is intended to operate the locker with. Preferably the 
wavelmgth period is set to the ITU WDM wavelength channel separations of 200 or 
100 or 50 GHz. 

20 It will be appreciated that the wavelength period AX is, for a given optical path lengOx 
difference, dependent on wavelength and therefore the interferometer response caimot 
be precisely matched to the WDM grid for all the wavelmgtfa channels. In practice, 
however, the variation of the wavelength period over the ^tire wavelength range of the 
WDM grid is found not to substantially affect the performance of the wavelength 
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locker. For example for C band, 1530 to 1560nm, the variation of wavelength period is 
only 1 to 2%. To minimise the effects of this variation it is preferred to set the average 
waveleagth period to correspond with ITU grid spacing. In the context of this patent 
application the term *SvaveIength period" is the wavelength interval between 
5 successive features of the interferometers cyclic response and as such it is not of 
constant value. 

It will be appreciated that such an interferometer can then be used to detect when the 
input light drifts off of one of the ITU wavelength channels by detecting a decrease in 
10 the magnitude of A and/or the corresponding increase in the magnitude of B, or vice 
versa. By using this detected output in a feedback arrangement to control the 
wavelength of operation of the light source the wavelength of the light source can be 
locked to a selected wavelength and as such is a wavelength locker. Such an 
arrangement is shown in Figure 6. 

15 

Figure 6. shows a tuneable laser 60, such as a SGDBR laser, injecting light into a micro- 
optical photonic modulator sub-assembly 65 comprising a directional coupler 70 
coupled to waveguides 72, 74 which are used to phase modulate the Ught in accordance 
to** data from an information source 68. The phase modulated optical signals from the 
20 waveguides 76, 78 are fed into a directional coupler 75 to form intensity modulated 
outputs. One output of the directional coupler 75 provides the transmitter output 77. 
The second output of the directional coupler 75 is apphed the directional coupler 90 of a 
wavelength locker 100. The outputs of the directional coiq)ler 90 feed unbalanced 
optical waveguides 92, 94 which in turn feed into a directional coiq)ler 95 whose 
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complementary outputs feed intensity detectors 98, 93. Elements 90, 92, 94, 95, 93 and 
98 are an unbalanced Mach-Zehnder interf^ometer, which operates as a wavelength 
discriminator/locker. The outputs of detectors 93, 98 are fed to a processor 97 that 
assesses the relative intensities of the light detected and in response provides a control 

5 signal to steer the tuneable laser 60 back onto wavelength when it drifts. In an 
altemative arrangement the light fed into the wavelength locker 100 can be coupled 
directly from the laser 60. The laser 60, modulator 80 and wavelength locker 100 are 
preferably monolithically integrated onto a single substrate. The detectors 93, 98 can 
be either included in tiie monolithic optical integrated circuit or external tiiereto. In a 

10 preferred arrangement the detectors 93, 98 measure the intensity of light by measuring a 
photocurrent generated by two photo absorption enabling them to be readily integrated 
within the circuit. Alternatively discrete photo-diodes or a dual detector chip could be 
used. 

15 As described above the free spectral range of the interferometer is configured to equal 
the WDM wavelength channel separation by configuring the optical path difference 
between the optical waveguides to correspond to an integer multiple of the wavelength 
separation. In operation the laser is controlled in response to the two outputs 93, 98 by 
operating at the quadrature (equal brightness) point(s) E, or the peak and trough point(s) 

20 on T-T, of Figure 5. Any altemative condition of one, or both, outputs can be used to 
indicate the wavelength lock condition. 
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Whilst the wavelength locker of the present invention provides a means of locking the 
transmitter to an ITU channel at the chosen channel spacing, it will still be prone to the 
effects of temperature variation. 

' 5 The thermal sensitivity of a micro-optical photonic sub-assembly such as 65 of Figure 6, 
is due to change in group refractive index with temperature. The refractive index of 
gallium arsenide is relatively high being typically in the range 3.3 to 4.3 compared to 
typical glass values used in optical fibre of 1.3 to 1.5. Thus the values of 5L and S(p 
derived in equations (1) and (2) are very sensitive to temperature since tiie groiq) 

10 refractive index will vary with temperature. Achieving the target source laser 
wavelength stability of a few lO's of pico-metres would require temperature control of 
the micro-optical photonic sub-assembly incorporating the wavelengfli locker, to a few 
1/lOthsofadegreeC. 

15 To overcome this problem a further wavelength locker in accordance with the invention 
which incorporates temperature compensation is shown in Figure 7. As can be seen 
from this figure the optical waveguides of the interferometer are furnished wifli contacts 
such that an electrical bias can be applied relative to a common bias electrode. For 
cfarity in Figure 7 only the wavelength locker section 100 of Figure 6 is shovm with the 

20 incorporation of correction electrodes 102, 104, and 106. In Figure 7 like reference 
numerals denote elements which are functionally equivalmt to those of Figure 6 save 
that there is shown diagrammatically the common bias electrode 102 against which 
biasing of the waveguides 92 and 94 via electrodes 106 and 104 may take place, in 
order that the group refiractive index can be changed thereby tuning the effective 
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waveguide optical lengths. The electrodes 102, 104 and 106 would typically be 
fabricated as alximiniuin on top of a thin titanium bonding layer (Ti:Al) with 104 and 
106 on top of a rib waveguide structure. It is an advantage to make the electrodes long, 
even though the path difference will only be around 500pm. Typically the common 
5 bias electrode 102 will comprise the substrate metalisation when the interferometer is 
monolithically fabricated as an integrated optical circuit 

In the case of a wavelength locker shown in Figure 3 the directional coupler 10 - used as 
a splitter, and the directional coupler 30 - used as a combiner, have the same phase 
10 characteristics. If we seek to differentiate between a desired wavelength ku and some 
arbitrary second wavelength A.2, then for a particular path length 8L, and the in-phase 
path: 

(2.7t.ni.5L) /Xi=2. p.TC (3) 

15 

and for the out of phase path 

(2.7:.n2.5L) /X2 = 2.(q-l/2).7t (4) 

20 where p and q are integers, and ni and 112 are the respective refractive indices. 
Therefore 8L = p.X\/ni = (q-l/2).A.2/n2. For the situation of ni and n2 being a small 
difference then p.A.1 = (q-1/2) .X2. The spacing between the ITU wavelengths on a 200 
GHz grid is approximately 1.6nm. Thus if Xi is 1550nm and X2 is 1551.6nm then flie 
lowest values p and q could be are p = q = 484 (for a 100 GHz grid spacing p = q = 969, 
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and for a 50GHz spacing p = q = 1938). For a typical GaAs refractive index of 3.3 then 
51 = 227|jm at 200GHz spacing, 455|im for lOOGHz spacing and 910^m for 50GHz 
ITU spacing. 

5 The advantage of making the electrodes 102, 104 and 106 long, even though the path 
difference will only be around 200 to lOOOjm, is that it will enable many n phase shift 
to be achieved by applying complementary voltages to the electrodes 104 and 106 of 
Figure 7. As an example for electrodes 20,000jmi long, and a ±10V bias, around 8n 
change in relative phase can be achieved at the 1550nm wavelength of interest. The 

10 electrodes 104 and 106 can then be used to compensate for changes in temperature 
causing changes in group refractive index, by measuring the micro-optical photonic sub- 
assembly temperature and applying voltages to the electrodes 104 and 106, based upon 
a pre-calibrated look up table. Any stress or temperature dependent phase shifts would 
be calibrated out by such a procedure, provided they are not time dependent - the 

15 evidence to date is that temporal effects are a second order type effect compared to 
temperature. 

Crallium arsenide is particularly preferred for fabricating a temperature compensated 
wavelength locker in accordance with the invention due to its long-term waveguide 
20 phase stability. In an alternative arrangement Uthium niobate can be used but measures 
need to taken to prevent any long term charge build up and its consequential effect upon 
absolute phase i.e. due to phase drift. 
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Incorporation of the long waveguide lengths, with their associated long electrodes, 
means that the device can be calibrated and controlled over a wide temperature range. 

The calibration process to create the look up table involves an arrangement as shown in 
5 Figure 8 in which 60 is a laser known to be on a desired ITU wavelength; 65 is a micro- 
optical photonic sub-assembly with the wavelength locker of the invention; 110 is a 
monitoring means that can detect the peak signal condition corresponding to the 
wavelength locker 100 optimally discriminating the laser wavelength; 120 is a 
differential output dc supply that feeds electrodes 102, 104 and 106; and 130 is a 

10 temperature measuring means which measures the temperature of the integrated 
structure via a temperature sensor 140. It is preferred that the temperature sensor is 
located adjacent to the unbalanced interferometer optical waveguides. The temperature 
of the monolithic optical integrated circuit is cycled and measured using 130, with a 
record made of the differential dc voltage required to bring the wavelength locker back 

15 in to absolute lock as indicated by 110. The results of this calibration process can then 
be used to create a look up table in which measured temperature produces correction 
voltages to be applied to the wavelength locker bias electrodes. The results of the 
calibration process can also be used to generate graphs of the dynamic response of the 
Monolithic oi)tical integrated circuit in respect to the wavelength locker temperature 

20 sensitivity such that intermediate temperature correction values can be interpolated. 
MonoUthic optical integrated circuits have repeatable thermal characteristics such that 
the calibration should ^ply to all devices which are fabricated from the same batch. 
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The temperature sensor associated with 140 can be fabricated within the micro-optical 
photonic sub-assembly. The look up table will involve programmable read only 
memory and as such would be more difficult, but not impossible^ to include within the 
monolithic optical integrated circuit For these reasons the pre-calibrated look iq> table 
5 preferably forms part of the processor 97 of Figures 6, 9 and 13. 

Whilst the description of the dc control has been described in relation to usmg 
differential voltages on the electrodes 104 and 106, a single voltage can be used if 104 
is electrically tied to 106, but then the relative phase changes in the unbalanced 
10 waveguides 94, 92 would not be so pronoimced for a given voltage. 

Referring to Figure 9 there is shown a schematic representation of a tuneable laser 
transmitter incorporating the wavelength locker of the invention. As will be appreciated 
the processor 97 not only controls the tuneable laser in dependence upon the signals 

15 firom detectors 93, 98 but also uses the temperature sensor 140 signal to prompt the 
look-up table ISO to control the dc bias 120 applied to the temperature compenlsated 
wavelength locker 100. When the tuneable laser is a SGDBR laser then the wavelength 
control firom the processor 97 to the tuneable laser 60, can be via the phase section of 
the laser since only relatively small wavelength trim is required. However the invention 

20 ^pUes equally to other forms of wavelength tuning such as for example the front and 
rear grating sections of the laser. 

The negative feedback applied ensures that at all times the wavelength locker pulls in to 
the lower wavelength on the ITU grid. If a wavelength offset is required then this can 
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be generated by applying an incremental voltage to the wavelength locker bias so that it 
locks to a shifted wavelengtti and thus the tuneable laser is forced to also shift to this 
new wavelength. Such an arrangement finds particular application as part of a DWDM 
system controller for monitoring the DWDM networic. 

5 

Whilst the wavelength locker described, which is based on a interferometer with a free 
spectral range equal to the ITU grid, can lock the laser to one of the ITU wavelengths it 
gives no information as to which ITU wavelength has been locked onto. To lock the 
laser to a specified ITU grid wavelength requires a measure of the actual wavelength. 

10 The wavelength locker illustrated in Figure 10 additionally includes a second 
unbalanced interferometer which has a very wide free spectral range and is used to give 
a measure to the actual wavelength. Input laser light 158, feeds a 1 to 4 directional 
coupler 160 that feeds waveguides 192, 194 forming a long optical path length 
difference inteiiferometer, and also feeds waveguides 196, 198 forming a short optical 

15 path length difference interferometer. The long optical path length difference 
interferometer, which is used for wavelength locking, has bias electrodes 186 and 188 
that are differentially driven against a common electrode 187 with dc voltage to 
compensate for temperature variations in the optical path length. Similarly, the short 
o{>tical path fengtfa difference interferometer, which is used to give a measure of actual 

20 wavelength, is equipped with electrodes 183, 184 that are differentially driven against a 
common electrode 183 with dc voltage to compensate for temperature variations in the 
optical path length. Intensity detectors 172, 174 sense the light in the short path 
waveguides, and intensity detectors 176, 178 sense the light in the long path 
waveguides. 
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Figure 11. shows the relative plots of the intensity A, B, C and D as respectively 
detected by the detectors 172, 174, 176 and 178 as a function of wavelength. At line S 
- S which corresponds to one of the ITU grid wavelengths the absolute wavelength of 

S the laser is given uniquely by the relative values g and h within the free spectral range 
of the short path interferometer. This is true provided there is only one cross over of the 
short path free spectral response over the entire wavelength range of interest. Clearly, 
the resolution of the dual interferometer increases with increasing long path, path 
length. The two interferometers are preferably monolithically fabricated as a single 

10 device such that they can share a common temperature sensor/compensation look up 
table. 

It is also envisaged to connect two or more unbalanced interferometers in series with 
each stage providing a more accurate lock to a selected laser wavelength. As an 
15 example a three stage interferometer wavelength locker would operate as coarse 
wavelength lock, finer wavelength lock, finest wavelength lock with the firee spectral 
range of each stage being elected to operate withui ttiat of the preceding stage. 

The wavelength locker shown in Figure 10 can be used in a supervisory role in DWDM 
20 system as shown in Figure 12, making use of the lockers ability to make wavelength 
ofi&ets. With reference to Figure 12 a plurality of optical channel modules 300 each 
comprise a tuneable laser source 302, that feeds a modulator 304 which is in itself a 
micro-optical photonic sub-assembly including a temperature compensated 
interferometer as described above. Each module 300 keeps itself locked to an ITU grid 
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wavelength using processing 308 and local do control for the wavelength locker within 
304, and feeds a comhiner 310 which combines the outputs from all the modules. The 
output of the combiner 310, feeds an optical amplifier such as an &bium Doped Fibre 
AmpUfiCT whose output drives the netwoik. A supervisory wavelength monitor 340 

5 gets a tap 330, feed from the network. The supervisory monitor 340 is equipped with a 
temp^ture compensated wavelength locker such as shown in Figure 10 that is able to 
discriminate to absolute wavelength. The supervisory controller 340 polls round the 
laser wavelengths being sent to the network checking for the accuracy of the absolute 
wavelength of the source modules 300. When an error is detected in any wavelength a 

10 correction value is fed back from the supervisory controller 340 to the particular source 
module 300, where the correction value is used to modify the local interferometer 
wavelength locker setting within 304, to bring the local laser 302 back to the correct 
wavelength. The modules 300 each include memory to retain local and remote 
wavelength locker control information and the control settings for its respective 

15 tuneable laser. 

An adaptation of the monolithic optical integrated circuit given in Figure 9, is shown in 
Figure 13. The temperature compensated interferometer has its input directional 
coupler 90 pifeceded by optical switches, or modulators, 382 and 384 so that the coupler 
20 can be fed with either Ught from the local tuneable laser 60 via 382, or from the network 
via 384. By taking the network feed the wavelength locker 100, can be locked to the 
wavelength comb existing on the network. The process of locking the wavelength 
locker 100, to the network ensmres that the local laser 60 is locked to the network. The 
processor 97 detects the average offset between the two detectors 93 and 98, for the 
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network signals, tunes the interferometer to balance and correct free spectral range, then 
adjusts the local laser 60 wavelength to sit on the network comb. 

The lock to the network even takes into account any wavelength offset that migjit exist 

5 on the network, so the micro-optical photonic sub-assembly output may now be safely 

added to the network in true harmony. A higji accuracy would be achieved, as the 

device would average all of the individual wavelength offsets within the network comb. 

♦ 

A single locker of this type can be used to control a fidl multi-wavelength terminal, 
either locking to tiie network or a single, local, laser with precise wavelength matching. . 

10 

A similar arrangement to that shown in Figure 13 can also be used to detect incipient 
mode jumps in the tuneable laser. The wavelength locker 100 is set to its temperature 
compensated null balance for the ITU grid in use. The average signal from the detectors 
93 and 98, is forced to be the same by the act of a balance being achieved. If there is 

15 incipient mode jumping in the local laser 60 a high wavelength difference signal 
between the detectors 93 and 98 will be detected by tiie processor 97. This signal may 
be used to trigger an alarm, or in combination wi& a dual or multiple interferometer 
system, give information to the tuneable laser controller to allow the laser to be 
switched to altemative, system pemiitted, wavelength operating away from the mode 

20 boundary problem wavelength of the local laser. 

It will be appreciated that the present invention is not restricted to the specific 
embodiments described and that variations can be made which are within the scope of 
the invention. For example whilst it is preferred to fabricate the wavelength locker in 
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gallium arsenide it can be &bricated in other group III - V semiconductor materials such 
as indium phosphide (InP), silicon dioxide on siUcon (SiOz/Si), silicon dioxide on 
silicon dioxide (Si02/ Si02) and lithium niobate. Furthermore whilst the use of 
directional couplers has been described other forms of optical splitting/combining 
5 means can be used such as multimode interference devices. 
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CLAIMS 



1. A wavelength locker for use with a wavelength tuneable laser capable of 
selectively producing light of jBxed wavelengths, said fixed wavelengths having 
a substantially fixed wavelength spacing; the locker for locking the wavelength 
of the light to one of said fixed wavelengths and comprising: an interferometer 
arrangement comprising splitting means for splitting the laser light to pass along 
two optical waveguides and combining means for combining light firom the 
waveguides to form at least one optical output; wherein the optical waveguides 
are configured to have a difference in optical path length such that the 
magnitude of the at least one optical ou^ut varies cyclically with wavelength 
and has a period which is substantially an integer multiple of said fixed 
wavelength spacing; and control means for controlling the laser in response to 
the magnitude of said optical ou^ut to lock the laser to one of said selected 
fixed wavelengths. 

2. A wavelength locker according to Claim 1 and fiirther comprising means for 
changing the refractive index of one waveguide relative to the other to change 
the optical path length difference. 

3 . A wavelength locker according to Claim 2 in which the means for changing the 
refractive index is operable to set the optical path difference to the integer 
multiple of the wavelength spacing. 
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4. A wavelength locker according to Claim 2 in which the means for changing the 
rejfractive index is operable to set the optical path difference such that the laser 
locks to a wavelength which is offset by a selected amoimt from one of said 
wavelengths. 

5. A wavelength locker accordmg to any one of Claims 2 to 4 and further 
comprising temperature sensing means for measuring the temperature of the 
waveguides and wherein the means for changing the refractive index operates in 
dependence on the measured temperature to maintain the optical path length 
difference constant. 

6. A wavelength locker according to Claim 5 in which the optical waveguides 
comprise an electro-optic material and the means for changing the refractive 
index comprises one or more electrodes associated with the, or each, waveguide. 

7. A wavelength locker according to any preceding claim in which the magnitude 
of the at least one optical output is sensed using an optical to electrical 
converter. 

8. A wavelength locker according to Claim 7 in which the optical to electrical 
converter senses the magnitude of the at least one optical ou^ut by measuring a 
photocuirent generated by two photon absoiptiorL 
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9. A wavelength locker accotding to any preceding claim and further comprising a 
second interferometer arrangement whose optical path length difference is 
selected such that the magnitude of its optical output varies cyclically with 
wavelength and wherein the period is substantially twice the wavelength range 
and wherein the magnitude is used to provide an indication of the wavelength. 

10. A wavelength locker according to any preceding claim in which the splitting 
and/or combining means comprises a directional coupler. 

11. A wavelength locker according to any one of Claims 1 to 9 in which the splitting 
and/or combining means comprises a multimode interference device. 

12. A wavelength locker according to any preceding claim in which the, or each, 
interferometer arrangement comprises an unbalanced Mach-Zehnder 
interfCTometer. 

13. A wavelength locker according to any preceding claim which is fabricated in a 
group ni-V semiconductor material. 

14. A wavelength locker according to Claim 13 which is fabricated in gallium 
arsenide. 
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15. A wavelength locker according to any preceding claim in which the combining 

♦ 

means produces complementary optical outputs and wherein the control means 
controls the laser in response to the magnitude of said optical outputs. 



16. A wavelength locker according to Claim 15 configured such that when the 
magnitude of the optical ouQ)uts are respectively a maximum and minimum this 
indicates that the wavelength is locked to one of said fixed wavelengths. 



17. A wavelength locker according to Claim 15 configured such fliat when the 
magnitude of the optical outputs are complimentary this indicates that the 
wavelength is locked to one of said fixed wavelengths. 



18. A wavelength locker according to any preceding claim which is monolithically 
integrated with the laser. 



19. A wavelength locker according to Claim 18 and fiirther comprising 
monolithically integrating an optical modulator for modulating the laser light 



20. A wavelength lock^ according to any preceding claim in which the fixed 
wavelengths are wavelength division multiplex channels. 



21. A wavelength locker according to any preceding claim and operable to detect 
incipient wavelength mode jumps of the laser and fiulher configured upon 
detecting a mode jump to tune and lock the laser to an alternative wavelength. 
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22. A wavelength locker substantially as hereinbefore described with reference to or 
substantially as illustrated in the accompanying drawings. 
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